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Abstract

The aim of this study was to understand the chemistry of spelt (Triticum aestivum ssp. spelta) gluten in relation to its quality, to classify

European spelt cultivars based on gluten quality, and to compare their protein compositions with those of modern wheats. Gluten

quality of two sets of 25 spelt cultivars was studied using dynamic oscillatory and creep tests, an SDS sedimentation test, moisture

content of the wet gluten and wet gluten content. These data were compared with the results of size-exclusion HPLC analyses of the spelt

proteins. Significant correlations indicated that insoluble polymeric proteins (IPP) contributed resistance to deformation in creep tests,

elasticity in oscillatory and creep tests, and swelling capacity of the gluten. Gliadins had the opposite effects, whereas the contribution of

soluble polymeric proteins (SPP) depended on the type of test. In creep tests (strain 0.3–1.5) SPP behaved similarly to gliadins, in

oscillation (strain 0.001) they tended to increase elasticity. In comparison to hard red winter wheats, spelt was characterized by lower

IPP, but higher gliadins and SPP, resulting in softer and less elastic glutens. A wide variation in gluten quality was found among the

spelts. Three groups could be identified by cluster analysis (one closer to modern wheat, a second typical spelt group and a third a poor

quality group).

Published by Elsevier Ltd.
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1. Introduction

Spelt (Triticum aestivum ssp. spelta L. Thell.) is an
ancient subspecies of modern bread wheat (Triticum

aestivum ssp. aestivum). Until the beginning of the 20th
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century, spelt was the predominant grain for bread
production in many regions, for example in southwestern
Germany, and parts of Switzerland and Austria. Since
then, however, it has largely been displaced by modern
wheat (Kling, 1993; Winzeler and Rüegger, 1990). This is
due to spelt’s lower yield and its long straw with a tendency
to lodge, especially if levels of nitrogen fertilizer applied are
too high. Furthermore, as spelt is a hulled grain, a
dehulling step prior to milling is required (Campbell,
1997; Kling, 1993).
In the past few decades, however, spelt has undergone a

renaissance as a niche product. This may be due to the
perception that it is a ‘healthier’, more ‘natural’, or less
‘over-bred’ grain than modern wheat. Consequently, there
are an increasing number of international publications on
spelt food quality, spelt proteins, rheology of spelt dough
or gluten, or comparisons of spelt and modern wheat from
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Belgium (Legros and Castille, 1972; Ruibal-Mendieta et al.,
2004), Canada (Abdel-Aal, 2003; Abdel-Aal et al., 1995,
1998), Czech Republic (Dvořáček et al., 2001, 2002;
Moudrý and Dvořáček, 1999), Germany (Belitz et al.,
1989; Gräber and Kuhn, 1992; Martini and Kuhn, 1999;
Schober, 2001; Schober and Kuhn, 2003; Seibel et al.,
1989), Italy (Marconi et al., 1999, 2002; Piergiovanni and
Volpe, 2003; Piergiovanni et al., 1996), Poland (Grela,
1996), Slovak Republic (Bojňanská and Frančáková,
2002), Switzerland (Siedler et al., 1994; Winzeler and
Rüegger, 1990), USA (Ranhotra et al., 1995, 1996),
or international cooperations (Italy-Slovenia: Bonafaccia
et al., 2000; Slovak Republic-Germany: Smolková et al.,
2000; Slovenia-Sweden: Skrabanja et al., 2001). Results of
this international research allows comparisons across a
large variety of environments with different types of
modern wheat as controls.

Unfortunately, very few differences between spelt and
modern wheat have been confirmed experimentally. In
respect to food quality, most of the studies found higher
protein contents for spelt than for modern wheat (Bona-
faccia et al., 2000; Campbell, 1997; Dvořáček et al., 2001,
2002; Marconi et al., 1999; Moudrý and Dvořáček, 1999;
Piergiovanni et al., 1996; Ranhotra et al., 1996), although
in some, the opposite was reported (Grela, 1996; Ranhotra
et al., 1995) and in some cases differences were not
significant. Overall, the values found for proximate
compositions and minor components in spelt are within
the range found among modern wheats (for an overview,
see Campbell, 1997). Spelt gluten tends to be more
extensible and less elastic than gluten from modern wheat,
resulting in the typical, weaker spelt doughs (Abdel-Aal
et al., 1997, 1998, 1999; Gräber et al., 1994; Marconi et al.,
1999, 2002; Ranhotra et al., 1995). As a consequence, for
bread, rolls or two-layer flat bread, high doses of ascorbic
acid, shorter mixing times, reduced water addition or
longer dough rest times have been proposed (Abdel-Aal
et al., 1998, 1999; Gräber et al., 1994; Ranhotra et al., 1995;
Seibel et al., 1989), and for pasta, high-temperature drying
has been recommended (Marconi et al., 1999, 2002).

It is important to emphasize that spelt is as harmful for
celiac patients as modern wheat (Forssell and Wieser, 1995;
Kasarda and D’Ovidio, 1999). Furthermore, although
many end-users seem to believe that spelt might be
tolerated by people with allergic reactions to wheat (not
celiac disease), there is no supporting scientific evidence. In
fact, in a single study with only one subject with severe
wheat allergy, this person was also allergic to spelt
(Friedman et al., 1994). Clearly, until more research is
conducted on the overall allergenicity of spelt, a wheat
subspecies, spelt cannot be recommended for people with
wheat allergy. Spelt has, however, been shown to
contribute to genetic diversity within wheat (Abdel-Aal,
2003; Siedler et al., 1994). It may also have a role for
speciality breads and other food products with character-
istics different from regular wheat products or for organic
food (Abdel-Aal, 2003; Abdel-Aal et al., 1998; Ranhotra
et al., 1995). For example, in southern Germany, tradi-
tional spelt breads are produced (Schober et al., 2002) and
breeding spelt cultivars with typical properties, different
from modern wheat but specific for such speciality breads,
might be desirable.
Agronomically, spelt may be more resistant to disease,

and do better under less advantageous growing conditions,
such as wet, cold soils and at high altitudes (Campbell,
1997; Kling, 1993; Winzeler and Rüegger, 1990). Because
of the protection provided by the hulls, chemical treatment
of hulled seeds used for sowing may not be required (Kling,
1993). Additionally, excess nitrogen fertilization is not
possible due to the incidence of lodging of the long, less
stable straw (Campbell, 1997; Kling, 1993; Winzeler and
Rüegger, 1990). This low nitrogen tolerance may thus be
seen as an advantage in providing a more environmentally
friendly crop. For the same reason, it is not easy to
compare spelt and modern wheat grown under identical
conditions, because optimum growth conditions for
modern wheat would include more nitrogen fertilization
than for spelt. This was clear from Kling’s (1993)
agronomic comparison of 23 spelt cultivars and two
modern German bread wheat cultivars under growth
conditions optimized for spelt, where the yield of the
modern wheats was most likely below their real potential.
Size-exclusion high performance liquid chromatography

(SE-HPLC) has been widely used to characterize the
proteins of modern wheat (Batey et al., 1991; Bean and
Lookhart, 2001; Bean et al., 1998; Larroque et al., 1997;
Singh et al., 1990a) and to study the functional effects of
gluten components that differ in their degree of polymer-
ization (Bean et al., 1998; Cornec et al., 1994; Dachkevitch
and Autran, 1989; Gupta et al., 1993, 1995; Lundh and
MacRitchie, 1989; Nightingale et al., 1999; Park et al.,
2006; Rao et al., 2001; Singh et al., 1990b). An overview is
given by Southan and MacRitchie (1999), whereas Hamer
and van Vliet (2000) provide a general discussion on the
structure-functionality relationships of gluten. Although
there are comprehensive studies including SE-HPLC,
empirical and fundamental rheological tests, and hearth
and pan loaf breadmaking tests made on large sets of
Norwegian spring and winter wheat cultivars (Tronsmo
et al., 2002, 2003) similar information for spelt is not
available. There is a wide range of gluten quality within
spelt, so that glutens from different spelt cultivars grown
under controlled conditions might be an interesting model
system. Although old landraces of spelt may represent
primitive quality, they may also have already been selected
for improved quality, while modern spelt cultivars are
often crosses between spelt and modern wheat which have
been systematically bred to resemble modern wheat in
quality.
Previously we compared quality characteristics of spelt

cultivars with their pedigrees, taking into account whether
they were crosses between spelt and modern wheat (Schober,
2001; Schober and Kuhn, 2003). Also we (Schober et al.,
2002) established correlations of fundamental rheological
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and other quality related parameters for spelt gluten with
baking quality, which indicated wide variations of quality
within spelt.

The aim of the present study was twofold. First, to use
the large variation within spelt in order to establish
correlations between fundamental rheological and quality
parameters of gluten and the size distribution of gluten
proteins as measured by SE-HPLC. Second, to classify 25
spelt cultivars from a German breeding program, grown in
two environments and to compare them with modern
American wheat cultivars grown under conditions typically
used for wheat. This information may help to provide
breeders with spelt cultivars of well-defined quality for use
in further breeding or as references in breeding programs
and may also facilitate an in depth understanding of the
diversity in gluten quality within spelt.

2. Experimental

2.1. Materials

Twenty-five spelt cultivars were grown in two environments
in the 1996–97 season. Location H was an experimental farm
at University of Hohenheim, Stuttgart, Germany, while
location OLi was an experimental farm (Oberer Lindenhof)
south of Stuttgart. The altitudes, average rainfall, average
temperature and nitrogen (N) levels at the locations H and
OLi were 400 and 730m, 685 and 960mm, 8.5 and 6.6 1C, 30
and 70kg/ha, respectively. The cultivars used and their
abbreviations are: Albin (ALB), Altgold Rotkorn (ARK),
Bauländer Spelz (BAU), Fuggers Babenhauser Zuchtvesen
(FBH), Franckenkorn (FRA), ‘‘Goldir’’ (GOL, experimental
line), Hercule (HER), Hubel (HUB), Lueg (LUE), Neuegger
WeiXkorn (NEU), Ostar (OAR), Oberkulmer Rotkorn
(OKR), Ostro (OST), von Rechbergs Brauner Winterspelz
(RBW), von Rechbergs Früher Dinkel (RFD), Roter
Kolbendinkel (RKD), Rouquin (ROU), Roter Schlegeldinkel
(RSD), Schwabenkorn (SKO), Steiners Roter Tiroler (SRT),
Vögelers Dinkel (VOE), WeiXer Kolbenspelz (WKS), Wag-
gershauser Hohenheimer WeiXer Kolbendinkel (WWK),
Zeiners WeiXer Schlegeldinkel (ZWS), Zuzger Dinkel (ZZD).
Their countries of origin, years of first appearance or
registration, pedigrees, similarities in gliadin patterns, and
relatedness to modern wheat have been described previously
(Schober et al., 2002; Schober and Kuhn, 2003), and their
agronomic performance described by Kling (1993).

All samples (dehulled kernels) were obtained from the
State Plant Breeding Institute, University of Hohenheim,
Stuttgart, Germany. They were milled into flour
(0.5–0.8%db ash, ICC Standard No. 104/1, ICC, 2000) on
a Brabender Quadrumat Jr. flour mill (Duisburg, Germany).

2.2. Methods

2.2.1. SE-HPLC analysis

Flours were extracted with 50% aqueous 1-propanol as
described by Bean et al. (1998) with the following
modifications: 100mg of flour were used per ml of
extractant. After extraction the pellets were freeze-dried
before nitrogen determination, instead of heat drying after
application of acetone. Equal volumes of the first and second
extracts were pooled and the third extract discarded. SE-
HPLC was performed on a Hewlett-Packard 1090 HPLC
system, using a Biosep SEC-4000 column (Phenomenex,
Torrance, CA). Column temperature was maintained at
40 1C and the mobile phase was 50% acetonitrile and 0.1%
(w/v) trifluoroacetic acid at a flow rate of 0.5ml/min.
Injection volume was 20ml and UV-detection was done at
210nm (adapted from Bean and Lookhart, 2001). The
weight (mg) of insoluble polymeric protein (IPP) was
calculated from the weight and protein content of the freeze
dried pellet, extractable protein (EP) was calculated from the
difference between flour protein (mg) and protein in the
pellet (IPP, mg). In all cases, protein was calculated as
N� 5.7. The protein size groups (soluble polymeric proteins,
SPP; gliadins, Gli; and albumins and globulins, AG) were
quantified as the percentage of the respective areas relative to
the total HPLC area multiplied by EP (more details on
properties of IPP, SPP, Gli and AG, and the cutoff in the
chromatograms are given later in this section). In all cases,
the size groups were calculated as absolute values (mg
protein), corresponding to percent protein on a flour weight
basis, (100mg of flour was used for extraction). In addition,
the percentage of each size group was calculated on the basis
of flour protein (%fp).
To test for correlations between protein properties and

the fundamental rheological and quality parameters,
additional relevant sums and ratios between the protein
size classes were calculated. A complete description of all
individual classes and sums and ratios is given as follows:
IPP, insoluble glutenin polymers of the highest molecular
weight (Bean and Lookhart, 2001; Lundh and MacRitchie,
1989) having a greater HMW/LMW subunit ratio than
SPP (Gupta et al., 1993); EP, all proteins soluble in 50%
1-propanol (SPP, Gli, AG); SPP, soluble glutenin polymers
with a continuous range of molecular sizes and a lower
average molecular weight than IPP, having also a lower
HMW/LMW subunit ratio (Bean and Lookhart, 2001;
Dachkevitch and Autran, 1989; Gupta et al., 1993); Gli,
monomers of lower molecular weight than SPP (Dachke-
vitch and Autran, 1989; Larroque et al., 1997); AG,
metabolic proteins (non-gluten proteins) of lower molecu-
lar weight than Gli (Larroque et al., 1997; Tronsmo et al.,
2002, 2003); IPP/EP, ratio insoluble (highest molecular
weight polymers) to 50% 1-propanol soluble proteins
(SPP, Gli, AG); IPP/SPP, ratio insoluble (large) to soluble
(smaller) glutenin polymers; IPP/Gli and SPP/Gli, ratio
large and smaller glutenin polymers, respectively, to
monomers; (IPP+SPP)/Gli, ratio glutenin (polymers of
all sizes) to gliadin; IPP/(SPP+Gli), ratio insoluble to
soluble gluten proteins (AG excluded); IPP [%fp]+SPP
[%fp], percentage glutenin in flour protein; SPP [%fp]+Gli
[%fp], percentage soluble (lower molecular weight) gluten
proteins in flour protein.
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This slightly simplified scheme facilitates interpretation;
e.g. not only the HMW and LMW glutenin subunits, but
also small amounts of HMW albumin subunits (mostly
beta-amylases) and globulin subunits (triticins) form
disulphide bond mediated polymers (Gupta et al., 1995;
MacRitchie, 1992). The exact cutoff points between the
protein size classes in the SE-HPLC separations are also
slightly ambiguous. Following Singh et al. (1990b) we
selected characteristic local minima (valleys) for the cutoff
SPP-Gli and Gli-AG, comparable to Larroque et al.
(1997). The identity of the AG area was confirmed by
running samples from sequential extractions with albumin-
globulin-solvent (50mM Tris–HCl buffer, pH 7.8, contain-
ing 100mM KCl and 5mM EDTA), water, and 50%
aqueous 1-propanol, and comparing to the pattern from
direct extraction of spelt flour with 50% aqueous
1-propanol.

2.2.2. Fundamental rheological properties of wet gluten and

other quality data

The methods used are described in detail by Schober et
al. (2002). Briefly, wet gluten was isolated by washing with
a Glutomatic 2202 and the centrifuge accessory (Perten
Instruments AB, Huddinge, Sweden) and calculated on a
14% moisture basis. Dynamic oscillatory measurements
(0.07–10Hz) in the linear viscoelastic region and creep tests
(50 Pa, 5min creep and recovery time, respectively) were
conducted with a Bohlin CS rheometer (Bohlin Instru-
ments Vertriebs GmbH, Pforzheim, Germany) equipped
with a parallel plate configuration (40mm diameter, 2mm
gap) at 30 1C. Moisture content of the wet gluten was
determined with a Glutork gluten dryer (Perten Instru-
ments AB, Huddinge, Sweden). The SDS-sedimentation
test was a modification of ICC Standard No. 151 (ICC,
2000).

2.2.3. Statistics

Minitab statistical software (v. 12.21, Minitab Inc., State
College, PA, USA) was used. Two-way analysis of variance
(ANOVA) was done with the General Linear Model
procedure, and cultivar, location and interactions between
these two factors were incorporated in the model.

The least significant difference (LSD) for each individual
parameter and location was calculated from the respective
mean square error (MSE) from one-way ANOVA as

LSD ¼ ta;df

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2MSE

n

r
,

where ta;df was the two-tailed t-value for the error
probability a ¼ 0:05 and the degrees of freedom (df) of
the MSE. The number of replicates (n) was 2 for SE-HPLC
data, 2–5 for the seven quality parameters and flour
protein, except for wet gluten content where it was 4–6 (2
wet glutens were combined for 1 rheological measurement).
For LSD calculations, n ¼ 4 was used for wet gluten
content and n ¼ 2 in all other cases. Thus the LSDs will
tend to be conservative in case of the seven quality
parameters and flour protein. The F-test showed highly
significant (Po0.001) sample effects at both locations for
all parameters listed in Table 4 and in the supplementary
Table A1.
For cluster analysis the following variables from both

locations (H, OLi) were included: the seven gluten quality
parameters, flour protein (N� 5.7, %db), and IPP, SPP,
Gli, in mg and %fp, respectively. The variables were
standardized by subtracting the means of all cultivars and
then dividing by the standard deviation. The Euclidean
method was used as the distance measure, and average
linkage was used as the linkage method.

3. Results

The broad ranges of values within the 25 cultivars for the
seven fundamental rheological and quality parameters
(Table 1) at locations H and OLi indicated considerable
differences between cultivars at both locations. The
average values for all cultivars, the quartiles and the
ranges differed between both locations, except for moisture
content of the wet gluten, which were virtually identical.
Values of OLi relative to H were higher for SDS-
sedimentation volume, creep compliance, phase angle,
and wet gluten content, and lower for relative recovery
and complex modulus ðjG�jÞ. These findings were con-
firmed by two-way ANOVA that showed highly significant
(Po0.001) effects of cultivar and location for all para-
meters except wet gluten moisture content, where location
effects were not significant. Interactions between cultivar
and location were highly significant (Po0.001) for all
parameters, indicating that the individual cultivars re-
sponded differently to environmental changes. Similar
results were found for the protein data (Table 2). Again,
there was a wide range of values among the 25 cultivars for
all parameters and both locations, and ranges, quartiles
and average values differed between locations for all
parameters, except for SPP [%fp]. Higher values at OLi
relative to H were observed for flour protein and all
absolute values [mg] of protein size classes, and addition-
ally for Gli [%fp], whereas lower values were found for AG
[%fp] and IPP [%fp]. In the latter case the maximum value
at OLi was higher than at H, but average, quartiles and
minimum were lower. Again, for all parameters, two-way
ANOVA showed highly significant (Po0.001) effects of
cultivar, location (except for SPP [%fp]), and highly
significant interactions (Po0.001). Significant location
effects for IPP [%fp], together with the lower average,
minimum and quartiles at OLi indicate a global decrease at
OLi relative to H, so that the high maximum value at OLi
should be regarded as an outlier. The percentage increase
of the average values (Av) at OLi relative to those at H
([AvOLi�AvH]/AvH) for flour protein, and absolute values
(mg) of IPP, SPP, Gli, and AG were 35%, 30%, 37%,
48%, and 18%, respectively. In agreement with the changes
of the relative values (%fp) at OLi relative to H, SPP
increased about as much as flour protein, Gli increased
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Table 1

Ranges for the original seven fundamental rheological and quality parameters for spelt gluten (Schober et al., 2002) at the two locations (H, OLi)a,b

Location ‘Hohenheim’ (H) Location ‘Oberer Lindenhof’ (OLi)

Min Q1 Av Q3 Max Min Q1 Av Q3 Max

SDS sedimentation volume (ml) 9 18 33 45 58 14 27 42 56 68

Creep compliance (50Pa, 5min) (10�3 Pa�1) 6.1 8.6 12.6 15.8 22.3 10.8 12.9 18.4 22.3 30.5

Relative recovery (%) 47.7 53.8 58.2 64.3 67.0 41.7 46.5 51.3 55.0 59.5

Complex modulus jG�j (10Hz) (103 Pa) 1.97 2.64 2.88 3.15 3.85 1.59 2.34 2.72 3.08 3.71

Phase angle d (10Hz) (1) 30.9 34.3 35.5 37.4 39.2 33.1 35.0 36.4 37.8 40.4

Moisture content of the wet gluten (%) 61.7 62.9 64.0 65.1 65.9 61.8 62.4 63.9 65.2 66.0

Wet gluten content (%)c 21.4 25.0 29.1 30.9 41.7 34.3 40.3 44.0 47.6 57.1

aMin, Minimum; Q1, first quartile; Av, average; Q3, third quartile; Max, maximum out of the 25 cultivars.
bTwo-way ANOVA showed highly significant (Po0.001) effects of cultivar, location, and interactions for all parameters except moisture content of the

wet gluten, in case of which location effects were not significant (P40.05).
c14% moisture basis.

Table 2

Ranges for flour protein and protein size classes from SE-HPLC at the two locations (H, OLi)a,b

Parameterc H OLi

Min Q1 Av Q3 Max Min Q1 Av Q3 Max

Flour protein (N� 5.7) (%db)d 8.8 10.4 11.0 11.2 14.5 12.2 13.8 14.9 15.6 18.0

IPP (%fp) 22.9 25.7 29.3 32.5 36.7 21.1 24.2 27.9 31.3 38.7

IPP (mg) 2.05 2.49 2.83 3.16 3.79 2.79 3.09 3.69 4.21 4.99

SPP (%fp) 10.9 14.9 16.7 18.2 21.2 11.1 14.6 16.7 18.5 21.4

SPP (mg) 0.96 1.44 1.63 1.76 2.39 1.33 1.87 2.23 2.54 3.28

Gli (%fp) 35.2 38.7 40.8 43.1 46.2 38.0 41.5 44.1 46.6 49.9

Gli (mg) 2.72 3.72 3.96 4.31 5.24 4.53 5.17 5.87 6.40 7.22

AG (%fp) 11.4 12.1 13.2 14.0 15.8 9.9 10.7 11.4 11.9 13.6

AG (mg) 1.08 1.19 1.27 1.35 1.47 1.21 1.41 1.50 1.60 1.71

aMin, minimum; Q1, first quartile; Av, average; Q3, third quartile; Max, maximum out of the 25 cultivars.
bTwo-way ANOVA showed highly significant (Po0.001) effects of cultivar, location, and interactions for all parameters except SPP (%fp), in case of

which location effects were not significant (P40:05).
cIPP, insoluble polymeric proteins (in 50% aqueous 1-propanol); SPP, soluble polymeric proteins; Gli, gliadins; AG, albumins and globulins; (mg), mg

protein of the respective class in 100mg flour; (%fp), % protein of the respective class based on total flour protein (fp).
dFlour protein (N� 5.7) (%wb) in the same order as in the table was 7.7, 9.2, 9.7, 10.0, 12.8 (H), and 10.9, 12.3, 13.3, 14.0, 16.1 (OLi).
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much more, whereas IPP and especially AG increased less
than flour protein.

Correlation coefficients between the seven rheological
and gluten quality parameters (vertical) and flour protein,
individual protein size classes and sums and ratios of those
(horizontal) are shown in Table 3. Significance levels
(Po0.05, 0.01 and 0.001) are indicated for each of the
seven parameters. SDS sedimentation volume was clearly
correlated to the absolute amount of IPP (mg), where
higher IPP amounts were associated with higher sedimen-
tation volumes. It is noteworthy that there is a negative
correlation with the relative amount of Gli (%fp), while at
the same time, there was no correlation with the absolute
amount of Gli (mg). There was also no correlation with
SPP.

Creep compliance clearly increased as the sum of the
relative amounts of SPP and Gli (SPP [%fp]+Gli [%fp])
increased. The amount of Gli alone was also significantly
positively correlated with creep compliance, whereas SPP
alone showed a strong positive relationship only at H.
Highly significant negative correlations were found with
the relative amount of IPP, and ratios of IPP to other
classes.
Overall, relative recovery showed similar absolute values

for the correlation coefficients as did creep compliance, but
the relationships were inverse. Additionally, an unexpect-
edly clear negative correlation with flour protein was found
at H. More protein was associated with less relative
recovery, i.e. less elasticity. The significant correlations at
H between the relative amount of AG and creep
compliance and relative recovery are noteworthy and
discussed in Section 4.
jG�j was unusual insofar as correlation coefficients at H

were low, and not significant at all at OLi. Attempts to
correlate jG�j with other indicators of rheological proper-
ties showed significant correlations with flour ash, %db
(0.428* and 0.579** for H and OLi, respectively), whereas
ash was not significantly correlated with creep compliance
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(data not shown). In addition, we observed that weak
gluten was generally browner due to the presence of bran
particles, than stronger gluten. Furthermore, jG�j was
significantly correlated with the moisture content of the wet
gluten at H (�0.647***), but not at OLi (data not shown).
These observations indicate that as well as protein proper-
ties, the effect of trapped particles and water in the gluten
matrix must be considered. The weak significant correla-
tions ðjrjp0:522Þ at H (Table 3) indicated that jG�j tended
to increase with the sum of the relative amounts of SPP and
Gli (SPP [%fp]+Gli [%fp]) and with the relative amount
of Gli alone, whereas jG�j tended to decrease if the relative
amount of IPP and all ratios of IPP to other classes
increased.

The phase angle increased as the relative amount of Gli
increased and tended to decrease when IPP and the ratios
of IPP to other protein classes increased. These trends were
much more pronounced at H than at OLi. It is also
noteworthy that SPP alone was not correlated with phase
angle, in contrast to creep compliance and relative
recovery, where the effect of SPP was similar to that of
Gli. Furthermore, (IPP+SPP)/Gli, the ratio of glutenin to
gliadin, was clearly negatively correlated with the phase
angle. At both locations, this correlation coefficient was (in
absolute terms) higher than those with IPP/SPP, IPP/Gli,
IPP/(SPP+Gli) and SPP [%fp]+Gli [%fp]. Additionally,
at both locations IPP [%fp]+SPP [%fp] was, in absolute
terms, more highly correlated with phase angle than SPP
[%fp]+Gli [%fp], and IPP [%fp] alone.

Moisture content of the wet gluten clearly increased
together with IPP and decreased when SPP, or less so Gli,
increased. In agreement with these findings, IPP/EP, IPP/
SPP, IPP/Gli, IPP/(SPP+Gli) were positively, and SPP
[%fp]+Gli [%fp] negatively correlated with moisture
content of wet gluten.

Wet gluten content was highly positively correlated with
flour protein and absolute values of EP, SPP and Gli, but
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Fig. 1. Cluster analysis (standardized variables, Euclidean distance, average lin

for spelt gluten (Table 1); flour protein; and IPP, SPP, Gli, in mg and %fp, r
not with IPP. A significant negative correlation was found
with the percentage of AG, whereas absolute amounts of
AG showed no significant correlation with wet gluten
content.
Finally, it has to be pointed out that flour protein

showed little overall effect on the rheological and quality
parameters except gluten content. Significant correlations
with SDS sedimentation volume, creep compliance and
relative recovery existed only at H, the latter being
unexpectedly high in absolute terms, while the former
two correlations were low and only significant at Po0.05.
Generally the correlations at OLi tended to be lower than
at H. Nevertheless, the correlation coefficient between flour
protein and wet gluten content at OLi (0.776) was
unexpectedly low and this is discussed in Section 4.
Cluster analysis was used to group the spelt cultivars

based on all available rheological, quality and protein data.
The resulting dendrogram is shown in Fig. 1. Apart from
the experimental line ‘Goldir’ (GOL) which was well
separated from the remaining 24 cultivars, three clearly
distinct groups were formed (Fig. 1). For a detailed
characterization of the groups, two representatives of each
group were selected as follows: ‘Franckenkorn’ (FRA) and
‘Rouquin’ (ROU) from group 1, ‘Oberkulmer Rotkorn’
(OKR) and ‘Waggershauser Hohenheimer WeiXer Kolben-
dinkel’ (WWK) from group 2, and ‘von Rechbergs Brauner
Winterspelz’ (RBW) and ‘Steiners Roter Tiroler’ (SRT)
from group 3. These cultivars were selected because they
were grouped together at different distances, thus allowing
an estimation of the practical relevance of the finer
structures at lower distances in the dendrogram. The
complete data and least significant differences (LSDs) for
all cultivars, are shown in Supplementary Table A1,
separately for the two locations and in the same order as
in Fig. 1. Table 4 shows these data for the selected six
cultivars only, together with the LSDs. A comparison of
the two most closely grouped cultivars RBW and SRT
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kage), based on the seven fundamental rheological and quality parameters

espectively. The data from both locations (H, OLi) were used.
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Table 4

Fundamental rheological data, quality parameters and protein classes from SE-HPLC for six selected cultivars and both locationsa

Parameterb Group 1 Group 2 Group 3

Location FRA ROU OKR WWK RBW SRT LSDc

SDS sedimentation volume (ml) H 43 43 36 34 12 12 2

OLi 63 59 49 37 15 17 3

Creep compliance (50Pa, 5min) (10�3 Pa�1) H 7.7 6.1 13.6 12.2 14.8 15.6 2.7

OLi 16.9 12.3 20.0 21.5 20.5 23.4 4.6

Relative recovery (%) H 64.4 67.0 58.0 58.7 56.2 54.3 4.3

OLi 54.6 59.0 48.8 46.3 48.1 46.4 4.8

Complex modulus jG�j (10Hz) (103 Pa) H 2.61 2.77 2.84 2.68 3.80 3.85 0.35

OLi 2.02 2.30 2.67 2.62 3.71 3.39 0.30

Phase angle d (10Hz) (deg.) H 34.6 33.2 35.6 34.6 38.0 38.1 0.7

OLi 37.2 35.7 35.1 34.0 38.4 38.5 0.9

Moisture content of the wet gluten (%) H 63.8 64.2 63.5 64.0 61.7 62.6 0.9

OLi 64.6 64.2 62.0 62.2 62.3 62.5 0.6

Wet gluten content (%) H 24.9 24.1 34.1 28.7 28.2 29.2 0.6

OLi 42.9 37.8 52.6 52.1 39.8 39.8 0.8

Flour protein (N� 5.7) (%db) H 10.4 10.1 12.1 10.8 10.7 10.7 0.5

OLi 15.7 13.9 17.3 14.8 14.9 13.3 0.5

IPP (%fp) H 28.8 35.4 25.9 27.0 25.5 23.3 3.3

OLi 27.3 31.3 22.4 21.1 21.6 24.6 2.1

SPP (%fp) H 17.4 13.7 21.2 18.4 18.2 18.2 1.2

OLi 17.4 15.1 21.2 21.4 18.6 17.5 0.7

Gli (%fp) H 38.0 36.8 40.9 41.3 43.8 45.4 1.8

OLi 43.5 41.3 45.6 46.0 48.3 46.6 1.4

aExtract from supplementary Table A1, which shows data for all 25 cultivars.
bIPP, insoluble polymeric proteins; SPP, soluble polymeric proteins; Gli, gliadins; (%fp), % protein of the respective class based on total flour protein

(fp).
cLeast significant difference, calculated with the mean square error from all 25 cultivars.
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shows that they were identical, or different only within the
LSDs for all parameters except for wet gluten content at H,
flour protein, IPP and SPP at OLi, and additionally, just
outside the LSDs, for jG�j (OLi), moisture content of the
wet gluten (H) and Gli (OLi). All these differences were
small relative to the differences between the representatives
from the three groups.

Large significant differences were found for SDS
sedimentation volume between all three groups and
OKR-WWK (OLi). Creep compliance at H was signifi-
cantly lower for FRA and ROU than for the four other
cultivars, whereas at OLi, FRA took a position between
ROU (low) and the four other cultivars (high). Relative
recovery was significantly higher for FRA and ROU than
for the four other cultivars, and ROU tended to be higher
than FRA. jG�j was clearly higher for RBW and SRT than
for the other four cultivars. At OLi, also OKR and WWK
were significantly higher than FRA and ROU. Phase angle
was characteristically high for RBW and SRT. Further
significant differences indicated that FRA had a higher
value than ROU. At H, ROU was also significantly lower
than OKR and WWK. For moisture content of the wet
gluten, RBW and SRT were low. At H, the remaining four
cultivars were significantly higher, at OLi OKR and WWK
were low as well, and only FRA and ROU were
significantly higher. Wet gluten content was characteristi-
cally high for OKR and at OLi also for WWK, and
although much lower than OKR, FRA was still signifi-
cantly higher than ROU. Flour protein overall confirmed
the results of wet gluten content, except that WWK was
lower than OKR at both locations. IPP was character-
istically high for ROU, significantly lower for FRA, and
for the other four cultivars more or less distinctly lower
than for FRA. SPP was opposite to IPP in that it was
characteristically low for ROU, significantly higher for
FRA, and for the other four cultivars more or less higher
than for FRA. Gliadins showed similar tendencies for SPP,
but were overall higher, and at both locations OKR,
WWK, RBW and SRT were significantly higher than
FRA.

4. Discussion

4.1. Variation within spelt

Effects of cultivar, location and their interactions were
found with respect to gluten rheology and quality
parameters, and protein size classes. Among the spelt
cultivars the values for all parameters covered a wide range
indicating that there is a high variability within spelt, as is
known for modern bread wheat. The heterogeneity within
the two subspecies accounts for some contradictions
between studies comparing ‘spelt’ and ‘wheat’, e.g. with
respect to crude protein content.
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The two locations H and OLi differed in several aspects;
in particular total nitrogen (N) fertilization level and,
consequently, flour protein and wet gluten content at OLi
were significantly higher. For bread wheat, it is widely
accepted that increasing nitrogen fertilization increases
gliadins more than glutenins, thus increasing the gliadin/
glutenin ratio, and that absolute amounts of AG are
scarcely affected by N fertilization (Doekes and Wennekes,
1982; Gupta et al., 1992; Jia et al., 1996; Wieser and
Seilmeier, 1998). The spelt cultivars showed the typical
reaction of a wheat species to the increased N fertilization
provided at OLi relative to H.

4.2. Spelt and modern wheat

Bean et al. (1998) compared flours from 28 hard red
winter wheats applying comparable extractions and SE-
HPLC conditions to those used in the present study. The
averages and standard deviations for these 28 wheats were
41.272.6, 12.171.9, and 34.874.3%fp for IPP, SPP, and
Gli (including AG), respectively. The corresponding flour
protein content (N� 5.7, %wet basis, wb) was 12.571.4,
with a range between 9.7 and 15.2 (Bean S.R and Lookhart
G.L., unpublished results). This latter flour protein range
agrees reasonably with the flour protein ranges of the spelts
on a wb when results from the two locations are pooled
(see footnote d, Table 2). The spelt cultivars from both
locations compared to the hard red winter wheats were
characterized by much lower relative amounts of IPP,
whereas relative amounts of SPP were higher overall, and
Gli much higher, taking into account that for the wheats,
that AG was included with Gli.

4.3. Effect of protein size classes on rheological and quality

parameters

To understand the significance of the seven fundamental
rheological and quality parameters for spelt gluten, their
correlations with protein data need to be considered. The
SDS sedimentation volume increased with absolute amounts
of IPP, but not Gli or SPP. In agreement, Eckert et al.
(1993) reported that swelling of glutenin was responsible for
the sedimentation effect, whereas gliadin quickly dissolved
in the SDS-lactic acid solution and thus could not
contribute. SPP is soluble in 50% 1-propanol and would
almost certainly dissolve in the SDS-lactic acid solution,
which combines detergent and acidity and thus is a very
potent protein solvent. In fact, most SE-HPLC studies use
SDS solutions at neutral pH to extract SPP. The negative
correlation with the relative amount of Gli indicates that for
different cultivars in the same environment, glutens with a
higher proportion of Gli originate from flours with lower
absolute amounts of IPP, which consequently yield lower
sedimentation volumes This is exemplified by cultivars like
RBW and SRT from group 3, where low flour protein and
low relative IPP, together equivalent to low absolute IPP,
and low sedimentation volumes are combined with high Gli
percentages. ROU (group 1) shows opposite tendencies:
high IPP and sedimentation volume and low proportion of
Gli in the gluten.
If IPP is responsible for swelling in SDS solution, the

increase in the absolute amount of IPP at OLi relative to H
also explains the higher sedimentation volumes at OLi.
Creep compliance and relative recovery of the gluten

were affected by IPP, SPP and Gli: the largest glutenin
polymers (IPP) decreased the compliance, i.e. the gluten
was more resistant to deformation, and IPP increased the
relative recovery, i.e. the degree of elasticity was higher.
IPP or the comparable fractions of unextractable polymeric
protein (UPP) and glutenin macropolymer (GMP) are
widely regarded as responsible for gluten or dough
elasticity and dough strength (Gupta et al., 1995; Hamer
and van Vliet, 2000; Southan and MacRitchie, 1999). Small
monomers (Gli) had the opposite effect, acting as a
lubricant and allowing easier deformation of the gluten
and less recovery due to a higher impact of viscous flow.
Evidence obtained using different techniques has shown
that gliadin is the viscous component of gluten (e.g.
Janssen et al., 1996b; Kim et al., 1988; Tronsmo et al.,
2003). SPP, the soluble glutenin polymers with a lower
average molecular weight than IPP, had a similar effect to
Gli, i.e. they contributed viscosity rather than elasticity
under the conditions of the creep test, in agreement with
what Hamer and van Vliet (2000) reported for the large
deformations that occur in extension tests. The typical
properties of spelt gluten—high extensibility, low elasti-
city—and correspondingly weak doughs can thus be
interpreted as a result of the lack of IPP and abundance
in Gli and SPP. Breeding for improved breadmaking
quality may have resulted in higher IPP and lower SPP and
Gli contents of modern wheat cultivars, and consequently
stronger gluten and dough.
The correlations between creep compliance and relative

recovery of gluten with AG at H were unexpected.
Metabolic proteins (AG) should not affect gluten proper-
ties. Unexpected correlations were also found between
flour protein and relative recovery and also creep
compliance. Most likely, an indirect relationship can
explain these effects. The absolute amount of AG in flour
did not notably increase as wet gluten content increased.
Consequently, the relative amount of AG in total flour
protein was lower when flour protein and wet gluten were
higher. Cultivars with high protein and gluten however
tended to be those with more SPP and Gli and less IPP.
Conversely, increased relative amounts of AG may be
associated with less flour protein and wet gluten and more
IPP, but less SPP and Gli. Such glutens could be expected
to be firmer and more elastic, i.e. lower compliance and
higher recovery. Cultivars like OKR with more gluten, that
is softer and less elastic, and with increased SPP and Gli,
represent one direction. While in the other direction are
cultivars like ROU with less protein and gluten but high
levels of IPP, whose gluten is at the same time firmer and
more elastic.
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The lower overall proportion of IPP in the cultivars at
OLi relative to H together with the increased proportion of
Gli are in agreement with the overall higher compliances
and lower recoveries at OLi. At a higher N fertilization
level, spelt gluten becomes generally softer and less elastic.

In interpreting the dynamic oscillatory measurements, it
is most important to consider that in the creep test, strains
(g) of 0.3–1.5 were reached at a constant stress of 50 Pa
(Table 1, creep compliance ¼ strain/stress), whereas the
dynamic oscillatory measurements were conducted at much
lower strains of 0.001. Nevertheless, the phase angle
measured under these conditions showed similar relation-
ships to the protein size classes as did creep compliance and
recovery, i.e. lower phase angles (equivalent to a higher
degree of elasticity) were associated with a higher amount
of IPP and a lower amount of Gli. However, in contrast to
the results from creep test, SPP was not associated with a
less elastic and more viscous behavior, but tended to
supplement the IPP and add elasticity. This is shown by the
fact that SPP was alone not significantly correlated with
phase angle, but that (IPP+SPP)/Gli was more highly
correlated to phase angle than other protein parameters,
e.g. IPP/(SPP+Gli), and that IPP [%fp]+SPP [%fp] was
higher correlated to phase angle than IPP [%fp] alone. Due
to the small magnitude of the deformation and its dynamic
nature, smaller polymers can still contribute stability by
interacting with other polymers, whereas at larger,
constant deformations as in the creep test, these interac-
tions may be too weak.

In agreement with the lower relative IPP and higher
amounts of Gli at OLi, the phase angles of the samples
from this location were higher than those from H, again
indicating less elasticity. This is in agreement with reports
for Norwegian spring wheats (Tronsmo et al., 2003). Also,
Janssen et al. (1996b) using fractionation and reconstitu-
tion techniques with gluten, found that the ratio of total
glutenin to gliadin reduces the tangent of the phase angle,
i.e. the percentage of gliadins in the gluten increases the
phase angle.

That flour ash was correlated with jG�j from oscillatory
measurements needs consideration. A previous study on
spelt whole meal (Schober, T.J., unpublished results)
indicated that complete removal of bran during gluten
isolation is difficult. This is true even when using the meal
procedure (AACC Method 38-12A, AACC, 2000) that
following initial gluten washing uses a large (840 mm)
screen through which bran particles should easily pass.
However, the soft sticky spelt gluten tends to trap and bind
these particles strongly, so that they do not pass through
the screen. Consequently, more ash in the flour, indicative
of more bran in the flour, results in more bran trapped in
the glutan. (Differences in gluten stickiness might be an
additional factor influencing the amount of trapped
particles). The fact that flour ash was correlated with jG�j
but not creep compliance implies that impurities in the
gluten, e.g. bran particles, or possibly remaining starch
granules, interfere with firmness measurements more
strongly at small deformations in the oscillatory measure-
ment than at the larger deformations in the creep test. As a
consequence, correlations between protein results and jG�j
were low or non-significant. Amemiya and Menjivar (1992)
have suggested starch-starch and starch-protein interac-
tions to be a major problem in small deformation
oscillatory measurements on dough if the aim is to evaluate
differences in the protein phase. Thus, factors which may
affect jG�j of wet gluten are protein composition as
indicated by the weak correlations found at H, particles
(bran or starch granules and their interactions with gluten),
and water, as indicated by the strong correlation to gluten
moisture at H. Water content is known to strongly decrease
the moduli of gluten, whereas the phase angle or its tangent
are scarcely affected (Dreese et al., 1988; Janssen et al.,
1996a). The protein classes that tended to increase jG�j and
thus resistance to deformation at small deformations were
Gli and SPP, whereas IPP had the opposite effect.
Monomers and smaller polymers may act as a highly
viscous lubricant: allowing better creep, once the system
starts moving, but may increase the resistance, as long as
there is only oscillation at small deformation. Additionally,
it is likely that Gli and SPP prevent particles from being
washed out due to their stickiness, and the particles tend to
increase resistance to deformation. This hypothesis is in
contrast to that suggested by Tronsmo et al. (2003) for
Norwegian spring wheats. However, it should be kept in
mind that spelt has much higher Gli and SPP contents than
modern wheats. Thus, particle binding due to gluten
stickiness might be an issue in spelt, whereas in modern
wheat, particle trapping in the glutenin network might be
dominant. Our hypothesis for spelt is supported by the
comparatively low correlation between wet gluten and
flour protein content at OLi (0.776), suggesting that some
of the glutens from OLi contain more non-protein
impurities than others. The hypothesis would also explain
why the correlations at OLi were mostly lower than at H.
Because of the higher Gli content at OLi, more particles
may be bound in the gluten phase and mask some of the
properties of the gluten protein. IPP, on the other hand,
tended to reduce jG�j since it could bind more water than
the other protein size classes, and thus increased gluten
moisture.
The high molecular weight of IPP and its ability to form

networks might be a factor in its higher water binding
capacity. This is in agreement with Tronsmo et al. (2002)
whose PLS plots showed that the highest molecular weight
polymers (sonicated extract F1*) were relatively close to
hydration and oil absorption capacity whereas lower
molecular weight glutenin polymers (F2) were on the
opposite side. Also in the present study, SPP clearly
reduced the moisture content of the wet gluten.

4.4. Classification of spelt cultivars

When considering the classification by cluster analysis,
the first question to be addressed is how far down into the
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finer structures are the differences relevant. In the present
sample set, RBW and SRT were found to be identical
due to mislabeling of SRT in the breeding program
(Schober and Kuhn, 2003). A limited number of significant
differences between RBW and SRT were found in the
present study, but overall they were similar, i.e. they were
grouped together with a distance below 3. Such small
differences may originate from small random differences in
growing, milling, or measuring the data. ROU and FRA,
with a distance of about 4, although still not significantly
different in some important parameters such as relative
recovery, were characterized by important differences that
were clearly outside the LSDs, such as IPP and SPP [%fp],
and also phase angle. Thus a distance of 3 appears to be a
sensible cut-off point.

The clustering of all the data suggested three major
groups. Group 1, represented by ROU and FRA is closest
in characteristics to modern wheat. FRA in many aspects
was less similar to modern wheat than ROU and tended in
the direction of OKR, although overall it was still distinctly
closer to ROU than to OKR. Group 2 contained OKR as a
representative of typical spelt, selected from a Swiss land
variety in 1948 (Siedler et al., 1994), and was characterized
by high protein and gluten contents relative to other
cultivars at a given environment, and by otherwise
generally intermediate properties. WWK on the other
hand, although with overall similarities to OKR, lacked its
high protein content. Thus it is important to check for
individual, desired traits, even if clustering suggests
similarity. Group 3 contained weak cultivars, to be avoided
for most applications due to their poor quality. This cluster
analysis cannot claim to provide the last word on the
cultivar classification. Additional cultivars might be
incorporated, and data on the existing cultivars from more
environments might change the grouping to some extent
due to the interactions between cultivar and environment.
Data from additional environments might be important to
further stabilize the classification. So far, however, most
studies on spelt quality only compared comparatively small
numbers of spelt cultivars, and thus here for the first time a
more complete picture on available European spelt is
provided. This might prove valuable when selecting
cultivars for future studies on quality, protein composition,
nutritional aspects or allergenicity, and in breeding
programs.

4.5. Summary

Spelt is very heterogeneous with regard to gluten
properties and protein size classes. Nevertheless, overall,
the European spelt cultivars were characterized by similar
protein levels, lower relative amounts of IPP, and higher
relative amounts of Gli and SPP in comparison to US hard
red winter wheats. Typical spelt cultivars had intermediate
gluten quality and high protein and wet gluten contents.
Increased protein due to environmental differences were
associated with higher percentages of Gli in the total flour
protein, and lower percentages of IPP and AG as found in
modern wheat. SDS sedimentation volume increased as
protein increased due to environmental differences, but was
not notably correlated with flour protein when environ-
mental conditions were identical and variation came only
from differences between cultivars. The combination of
dynamic oscillatory and creep tests provided useful
information on protein properties. In creep tests, IPP
caused increased resistance to deformation and increased
elasticity, whereas Gli had the opposite effects, and SPP
had similar effects as Gli. The phase angle from oscillatory
tests decreased (i.e. elasticity increased) if IPP increased.
Phase angle increased along with Gli, however, in this case
SPP tended to act more like IPP. Particles trapped in the
gluten matrix interfere with the accuracy of rheological
measurements, and are not easily removed. The grouping
of the 25 old and new spelt cultivars based on gluten
quality is novel and may help in the selection of suitable
cultivars for future studies.
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Dvořáček, V., Moudrý, J., Čurn, V., 2001. Studies of protein fraction in

grain of spelt wheat (Triticum spelta L.) and common wheat (Triticum

aestivum L.). Scientia Agriculturae Bohemica 32, 287–305.
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I.M.E., Kreft, I., 2001. Effect of spelt wheat flour and kernel on bread

composition and nutritional characteristics. Journal of Agricultural

and Food Chemistry 49, 497–500.
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Aminosäuren, Enzyme und Speicherproteine in 3 Dinkelsorten

(Triticum spelta L.). Lebensmittelchemie 54, 2–5.

Southan, M., MacRitchie, F., 1999. Molecular weight distribution of

wheat proteins. Cereal Chemistry 76, 827–836.

Tronsmo, K.M., Færgestad, E.M., Longva, Å., Schofield, J.D., Magnus,
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